Pulse electron paramagnetic resonance (EPR) spectroscopy is employed at two very different excitation frequencies, 9.77 and 30.67 GHz, in the study of the nitrogen coordination environment of the Mn(III)Mn(IV) state of the dimanganese-containing catalases from Lactobacillus plantarum and Thermus thermophilus. Consistent with previous studies, the lower-frequency results reveal one unique histidine nitrogen-Mn cluster interaction. For the first time, a second, more strongly hyperfine-coupled 14 N atom is unambiguously observed through the use of higher frequency/higher field EPR spectroscopy. The low excitation frequency spectral features are rationalized as arising from the interaction of a histidine nitrogen that is bound to the Mn(IV) ion, and the higher excitation frequency features are attributed to the histidine nitrogen bound to the Mn(III) ion. These results allow for the computation of intrinsic hyperfine coupling constants, which range from 2.2 to 2.9 MHz, for sp 2 -hybridized nitrogens coordinating equatorially to high-valence Mn ions. The relevance of these findings is discussed in the context of recent results from analogous higher frequency EPR studies of the Mn cluster in photosystem II and other exchange-coupled, transition metal-containing systems.
Introduction
Dimanganese-containing catalases (MnCat) catalyze the disproportionation of hydrogen peroxide to water and molecular oxygen and are found in a wide range of mesophilic (e.g., Lactobacillus plantarum, LP) 1 and thermophilic (e.g., Thermus thermophilus, TT) bacteria. Electronic absorption (abs), X-ray absorption (XAS) 2, 3 and electron paramagnetic resonance (EPR) [4] [5] [6] spectroscopic investigations of MnCat have shown that the active site cycles between the Mn(II)Mn(II) and Mn(III)Mn(III) states during turnover. This "ping-pong" mechanism is described by the two half-reactions below.
Results from X-ray crystallographic studies revealed that in its resting Mn(III)Mn(III) state, the active sites of LP MnCat (1.8 Å resolution) 7 and TT MnCat (1.0 Å resolution) 8 are quite similar ( Figure 1 ). The Mn(III) ions are separated by 3.03 Å and bridged by two oxido (or hydroxido or aqua) groups and the carboxylate side chain of a glutamate residue (Glu66 in LP; Glu70 in TT). Mn1 is coordinated in the equatorial plane in monodentate fashion by the carboxylate of another glutamate (Glu35 in LP; Glu36 in TT) and by the δ-N of a histidine residue (His69 in LP; His73 in TT). A solvent-derived ligand is present in the upper-axial position of Mn1, where substrate binding is presumed to occur. Mn2 is further coordinated by histidine (His181 in LP; His188 in TT) and glutamate (Glu148 in LP; Glu155 in TT).
Although not a participant in the disproportionation reaction mechanism, the "superoxidized", mixed-valence Mn(III)Mn(IV) state has been the subject of much study due to its having geometric and electronic structural features similar to those of the water-oxidizing tetranuclear Mn cluster found in photosystem II (PSII). These commonalities include the presence of highvalence, exchange-coupled Mn centers; µ-oxido bridges between metal centers; 9 protein-derived carboxylate ligands; 10 and Mn ligation by the imidazole side chain of histidine. 11 Thus far, no X-ray crystal structure of superoxidized MnCat has been reported. However, EXAFS studies on the mixedvalence Mn(III)Mn(IV) form indicate that the Mn · · · Mn distance shortens to 2.70 Å upon one-electron oxidation, yet the Mn-N bond lengths remain at approximately 2.15 Å. 3 The high-spin Mn ions (S Mn(III) ) 2 and S Mn(IV) ) 3/2) in MnCat couple antiferromagnetically to yield a net spin S T ) 1/2 system. The corresponding X-band (9 GHz) continuous-wave (CW) EPR spectrum is characterized by 16 well-resolved peaks resulting from the hyperfine coupling of the electron spin with each I ) 5/2 nuclear spin of the two 55 Mn nuclei (100% natural abundance). 4, 5 This EPR spectrum resembles those observed for the S 0 and S 2 oxidation states of PSII. 12 Although there are further magnetic couplings between this electron spin and other neighboring nuclei, such as 1 H and 14 N, such hyperfine splittings are not resolved in the CW EPR spectrum; however, advanced EPR methods such as electron nuclear double resonance (ENDOR) and electron spin echo envelope modulation (ES-EEM) spectroscopies can detect these relatively small couplings. The hyperfine interaction (HFI) and nuclear quadrupole interaction (NQI) parameters deduced from such studies report on the distribution of unpaired electron spin density about the molecule, the distance between the nuclear and electron spins, and the chemical nature of the magnetically coupled nucleus.
Previous 9.5 GHz (330 mT) ESEEM spectroscopic studies of LP and TT MnCat in the Mn(III)Mn(IV) state 13, 14 showed deep modulations indicative of a hyperfine coupled 14 N nucleus near the cancellation limit; that is, with an isotropic HFI approximately twice the 14 N Larmor frequency (A iso ≈ 2.6 MHz, in this case). 15, 16 The corresponding HFI and NQI parameters were consistent with direct coordination of the imidazole N of one of the active-site histidines to Mn. There was no clear evidence for additional modulations from other nitrogenous ligands, and the possibility of multiple equivalent nitrogens was ruled out because no combination peaks were observed in the three-pulse ESEEM spectra. Further, no resonances attributable to 14 N were observed in CW ENDOR spectra. 17 Generally, ENDOR spectroscopy is more sensitive than ESEEM spectroscopy to strongly coupled nitrogens. However, if significant hyperfine anisotropy and nuclear quadrupole interactions are present, the ENDOR resonances could be broadened beyond detection. Now, with the X-ray structures of MnCat in hand, we know that two histidine nitrogens are bound to the dinuclear Mn active site, yet so far, only one is detected by magnetic resonance spectroscopy. Therefore, the electronic structure of one of the nitrogen nuclei bound to the Mn cluster in MnCat remains unknown.
In this report, we present multifrequency ESEEM spectra (acquired at 9.77 and 30.67 GHz) of both LP and TT MnCat. These data afford, for the first time, quantitative bonding descriptions of metal-ligand interactions for both metal sites of a mixed-valence, exchange-coupled Mn dimer. The relevance of these findings is discussed in the context of recent results from higher-frequency EPR studies of PSII and other exchangecoupled transition metal-containing systems.
Experimental Methods
Sample Preparation. MnCat was isolated from L. plantarum and T. thermophilus HB8 according to published procedures. 1, 5 The superoxidized Mn(III)Mn(IV) state of these proteins was prepared as previously described 3, 7 with minor modifications. 
, and hyperfine sublevel correlation (HYSCORE; π/2-τ-π/2-Τ 1 -π-Τ 2 -π/2-τ-echo) data were collected at 9.77 GHz (X-band) using a Bruker (Billerica, MA) EleXsys E-580 spectrometer equipped with a cylindrical dielectric cavity (MD5, Bruker). Pulse sequences were programmed with the PulseSPEL programmer via the XEPR interface. For HYSCORE spectroscopy, the inversion pulse width (t π ) was set equal to that for the π/2 pulse (t π/2 ), 16 ns in all cases. A small but significant signal from adventitious Mn(II) was present in all field-swept ESE EPR spectra when short (t π/2 < 20 ns) microwave pulses were employed. The use of longer (t π/2 ) 40 ns and t π ) 80 ns) microwave pulses temporally shifts (in the positive direction of the time coordinate) the electron-spin echo of low-spin species relative to that of higher spin species. 18, 19 We were thus able to selectively acquire the EPR and ESEEM spectra of the S ) 1/2 superoxidized Mn(III)Mn(IV) MnCat absent most of the S ) 5/2 Mn(II) signal by integrating the intensity of only the latter half of the ESE (cf. Figure S1 of the Supporting Information).
ESE EPR and two-and three-pulse ESEEM data were acquired at 30.67 GHz (K a -band) using a home-built spectrometer. 20 At this frequency, signals from the relatively small concentration of Mn(II) contaminant were dominant when employing short (t π/2 ≈ 10 ns) microwave pulses. As described above, this unwanted contribution was mitigated using longer microwave pulses (t π/2 ) 30 ns and t π ) 60 ns) and collecting the latter half of the ESE.
Analysis of Magnetic Parameters. Frequencies contributing to observed modulation patterns were visualized using cosineFourier transforms backfilled with only the two highest frequency components of the spectrum. 21 All spectral simulations were performed with the Matlab 7.5.0.342 (R2007b) software package (The Mathworks Inc., Natick, MA) using the EasySpin 3.1.0 toolbox. 22, 23 For exchange-coupled systems such as those encountered here, measured or effective metal HFI A eff must be scaled by the appropriate projection factor matrix c i to achieve so-called intrinsic hyperfine coupling constants a i (i.e., A eff ) a i c i ). These projection factors are computed by determining the expectation value of the local electron spin S b z,i projected onto the total electron spin of the molecule S b T
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and are dependent on the site spin, S i ; site-specific zero-field splitting parameters, D i and E i ; and the isotropic Heisenberg exchange coupling parameter, J. 25 For MnCat, J is estimated to be relatively large (J ) -100 to -175 cm -1 ) [26] [27] [28] and thus dominates over contributions from zero-field splitting, which, for the metal centers, are likely not greater than 4 and 1 cm for the Mn(III) and Mn(IV) ions, respectively. 29, 30 In general, these properties simplify the projection factors to scalar quantities and thus are easily computed. For MnCat, they are c Mn(III) ) +2 and c Mn(IV) ) -1. The measured ligand HFI must be scaled by the projection factor corresponding to the metal to which it is bound. 31 These intrinsic ligand HFI can be then interpreted in the usual terms of covalency and interspin distance. The isotropic part of the intrinsic HFI a iso is related to the density of unpaired electron spin at the nucleus (Fermi contact contribution, s orbital population, f s ) and the anisotropic part a aniso is a function of the electron-nuclear separation and asymmetric unpaired spin population in non-s-type orbitals. 32 The properties of the NQI for the I ) 1 nucleus of 14 N, on the other hand, are not dependent on the electron spinsto first ordersand can be evaluated without spin projection. The principal values of interest are e 2 Qq/h and η. In the first term, e is the electronic charge; h is Planck's constant; Q is the nuclear quadrupole coupling constant of 14 N; and q (q zz ) is defined as the largest magnitude of the electric field gradient (EFG) at the nucleus, which is usually coincident with the direction of the dominant bonding interaction. The asymmetry parameter η ) (q xx -q yy )/q zz gives the deviation of the electric field gradient from axial symmetry (e.g., η can range from 0 to 1, describing an axially symmetric and rhombic EFG, respectively). The values for e 2 Qq/h and η of histidine can then be analyzed following the Townes-Dailey formalism 33 implemented by Ashby et al. to give insight into charge donation from the nitrogen-centered lone pair to the metal center.
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Results
The ESE-detected field-swept EPR spectra of superoxidized LP and TT MnCat (collected at 9.77 GHz (X-band, left) and 30.67 GHz (K a -band, right)) are shown at the top of Figures 2  and 4 , respectively. These data are consistent with the 9.5 (continuous-wave (CW) and ESE-detected) and 34 GHz (CW) EPR data reported previously. 13, 35 However, the wings at the low-and high-field extrema of the X-band spectra disclose the presence of adventitiously bound Mn(II)-containing species. As described in the Experimental Methods section, the microwave pulse parameters and data acquisition window were chosen to minimize contributions from these Mn(II) species to the ESEEM data (see Figure S1 of the Supporting Information). 18 The remaining pulse EPR data of LP and TT MnCat will be discussed in turn.
L. plantarum. Three-pulse ESEEM data were collected in resonance with the central feature of the 55 Mn hyperfine-split EPR spectrum (348.7 mT at X-band and 1.095 T at K a -band, designated by the asterisk in Figure 2 , top). The X-band data shown were acquired with τ ) 128 ns to minimize contributions to the modulation pattern from weakly hyperfine-coupled protons. ESEEM spectra acquired using other values of τ are given in the Supporting Information ( Figure S2 ). The X-band ESEEM data of LP MnCat (middle left of Figure 2 ) are similar to those published by Stemmler et al. 14 The corresponding FT ( Figure 2 , bottom left) gives a set of sharp peaks at 0.67, 1.46, and 2.10 MHz resulting from transitions (ν 0,A , ν -,Α , and ν +,A ) between (nearly) pure nuclear quadrupole states in one electron spin manifold (this electron spin manifold will be designated "A" for notational purposes) and a broader feature centered at 5.4 MHz that is assigned to the double quantum transition (ν dq,B ) in the opposite electron spin manifold, called "B". These modulations are best simulated assuming an isotropic g-tensor and using a single 14 N atom (henceforth called N1) with effective HFC and NQI parameters as follows:
2 Qq/h ) 2.25 MHz and η ) 0.58 with Euler angles for the NQI frame relative to the principal axes of the hyperfine tensor R ) 110°, ) 15°, and γ ) 85°( red lines in Figure 2 ). Our choice of sign for A iso is arbitrary at this point.
In the present simulations, the quality of the fit of the anisotropic part of the hyperfine tensor was judged on the basis of the replication of the dampening behavior of the ESEEM modulation in the time domain as well as the width and shape of the ν dq,B peak in the frequency spectrum. Specifically, we note that the doublet line shape of the ν dq peak can be modeled accurately only if significant anisotropic hyperfine contributions are included. 36 A small, additional damping function (e -Γt , Γ ) 0.2 µs ) was applied to mimic the loss of nuclear coherence due to nuclear relaxation.
This A iso ) +2.67 MHz coupling is optimal for detecting ESEEM at X-band as the corresponding magnetic field at g ) 2.0 (B 0 ≈ 350 mT, see the asterisk in Figure 2 , top left) induces a magnetic field due to the nuclear Zeeman effect, in one of the electron spin manifolds that nearly cancels the magnetic field caused by the hyperfine interaction. This "cancellation" condition leads to a coalescencesand thus, heavy mixingsof nuclear spin levels in this manifold maximizing modulation depth (k) for the transition frequencies between these nuclear levels. We note that the above magnetic parameters produce simulations that are completely consistent with the previous higher-frequency ESEEM data acquired at B 0 ) 400.2 and 477.1 mT.
14 Furthermore, no clear peaks were observed that could be definitively ascribed to the other 14 N ligand to the Mn active
site. However, there does appear to be a broad feature at 3-4 MHz that Stemmler et al. noted could be due to a more strongly bound nitrogen.
14 By going to an applied magnetic field of 1100 mT (corresponding to an excitation frequency at g ) 2.0 of 30.1 GHz, K a -band), we achieve the same near-cancellation conditions for this more strongly coupled 14 N nucleus (designated N2). A representative K a -band, three-pulse ESEEM time trace (B 0 ) 1.095 T, τ ) 210 ns) for LP MnCat (Figure 2 , middle right) shows rather deep modulations that completely damp out by 5 µs (much faster than observed in the X-band data), suggesting either a significant reduction in the longitudinal nuclear spin relaxation time (T 1n ) or greater anisotropy in the hyperfine coupling (cf. ESEEM data acquired with other values for with τ in Figures S4 and S5 ), or both. The corresponding Fourier transform has features ∼0.7, 1.4(sh), 2.1, 6.5, and 13.0 MHz.
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These features are assigned, respectively, to the three NQ transitions (ν 0 , ν -, and ν + ) and the single and double quantum (ν sq and ν dq ) transitions in the opposite spin manifold. These assignments are supported by the presence of negatively intense features in the two-pulse ESEEM spectrum that appear at frequencies that are combinations (sum and difference) of one of the NQ frequencies and ν sq (see Figure S2 ). 38 Notably, the frequencies of the NQ transitions here are nearly identical to those observed in X-band ESEEM spectra above, implying that the NQI parameters (e 2 Qq/h and η) for the corresponding nitrogens are similar. Indeed, the best simulation provides the following effective magnetic parameters for the nitrogen designated as N2:
01 MHz, and η ) 0.79 with Euler angles for the NQI frame relative to the hyperfine tensor R ) 75°, ) 0°, γ ) -10°(blue lines in Figure 2 ). Our choice of the sign of A iso is explained below. Because the N2 A aniso is approximately equal to that found for N1, the more rapid dampening of the nuclear modulations in the K a -band data is modeled with a 50% greater Γ than was employed in simulating the X-band ESEEM spectra. If this nitrogen is bound to the Mn(III) ion, we posit that at least part of this increased rate of nuclear relaxation could be due to the greater local electron spin felt by N2 relative to N1 (S Mn(III) ) 2 vs S Mn(IV) ) 3/2), the Jahn-Teller distortion of the Mn(III) site leading to larger paramagnetic relaxation enhancement effects, 39 or both. Using the HFI and NQI parameters that best fit the X-band data, the simulated spectrum of N1 at 1.095 T is shown in red on the right side of Figure 2 . Its contribution to the K a -band spectrum is small but nonetheless present, leading to weak features at 4 and 9 MHz arising from N1ν dq,A and N1ν dq,B , respectively. Likewise, 348 mT simulations for the more strongly hyperfine-coupled nitrogen N2 show a small contribution to the X-band ESEEM spectrum: broad low-intensity features centered at 4 and 8 MHz (blue line, left side of Figure  2 ). Upon inspection of the present X-band ESEEM spectra of Figure 2 . Pulse EPR spectra of LP MnCat collected using 9.77 (left) and 30.67 GHz (right) microwave radiation. Top: ESE-detected, field-swept EPR spectrum. Middle: three-pulse ESEEM spectrum in resonance with g ) 2.00 (348.7 mT at 9.77 GHz and 1.095 T at 30.67 GHz; see the asterisk symbol in top panels). Bottom: cosine-backfilled Fourier transform of three-pulse ESEEM data in middle panels. Combined (dotted) and individual simulations for two hyperfine-coupled 14 N atoms are also shown: one weak (N1, red) and one strong (N2, blue).
LP MnCat and those given in previous publications, these additional features from the more strongly coupled 14 N nucleus are, indeed, visible. Their diminished intensity relative to features arising from N1 is due to much smaller modulation depth parameters (k) for nuclear transition frequencies of N2 at 348 mT. 38 These k's are likely further attenuated because of cross-suppression effects with the strongly modulating N1. 40 The combined (dotted line) simulations presented in Figure  2 employ magnetic parameters for two separate nitrogen nuclei coupled to the S ) 1/2 electron spin and were achieved by simultaneous fitting of both X-and K a -band data. The "individual" nitrogen ESEEM spectra in red and blue are presented to illustrate the dominance of spectral features from N1 to the X-band data and N2 to the K a -band data. When multiple nuclei are magnetically coupled to the electron spin, the resulting threepulse ESEEM modulation pattern is given by
describes the contribution to the modulation by nucleus i with orientation θ. The modulations from all like-oriented nuclei contributing via the same coherence transfer pathway (R or ) are multiplied according to the product rule, then the products from each coherence transfer pathway are added. Finally, this result is summed over all possible orientations to give the total observed echo envelope modulation. Thus, the modulation pattern for multiple hyperfine-coupled nuclei is different from merely the sum of its individual parts, as can be seen by comparing the individual and combined spectra in Figure 2 .
The X-band HYSCORE spectrum of LP MnCat is presented on the left side of Figure 3 . The (NQ, N1ν dq,A ) cross-peaks for N1 are clearly visible in both quadrants. At much lower intensity, long correlation ridges are evident and are parallel to the antidiagonal in the (-, +) quadrant. These ridges are centered at (-4.2, +8.2) MHz and (-8.2, +4.2) MHz and, based on the one-dimensional ESEEM simulations described above, are assigned to the dq-dq correlated frequencies of N2 (N2ν dq,A , N2ν dq,B ). The fact that these ridges are long, extending over 1 MHz, is diagnostic of a significant amount of anisotropy in the HFI of the corresponding nucleus. Accompanying the N2 dq-dq cross-peaks are similarly shaped cross peaks displaced along the ν 1 and ν 2 axes by approximately 0.7, 1.4, and 2.1 MHz (frequencies that correspond to the NQ transitions of N1). Such "shadow" peaks are diagnostic of multinuclear coherences wherein combinations (sums and differences) of nuclear transition frequencies in one electron spin manifold from different nuclei (e.g., N1ν +,A + N2ν dq,A ) +10.4 MHz) are correlated to a frequency in the opposite electron spin manifold (e.g., N2ν dq,B ) -4.2 MHz). 40, 41 From the direction of the shift, the relative sign of hyperfine interaction for the two nuclei can be deduced. Given the shift observed in this case, the effective hyperfine interactions for N1 and N2 must have opposite signs. This behavior is reproduced by the simulation of the HYSCORE spectrum (Figure 3, right) .
T. thermophilus. Qualitatively, the pulse EPR data for TT MnCat are quite similar to the corresponding data of LP MnCat (cf. Figures 2 and 4 and Figures 3 and 5 ). All spectral features are assigned identically, and only the specific frequencies are somewhat different. Thus, the following analysis will be brief, emphasizing differences between the LP and TT MnCat spectra.
The FT of the X-band three-pulse ESEEM spectrum (τ ) 128 ns) of TT MnCat (Figure 4 , ESEEM spectra acquired with other τ values are shown in Figure S6 ) is similar to that previously observed by Ivancich et al., 13 exhibiting sharp peaks at 0.65, 1.46, and 2.07 MHz as well as a broad feature centered at 5.2 MHz. The 5.2 MHz peak is at slightly lower frequency than its counterpart in the LP MnCat spectrum, suggesting a slightly smaller value of A iso for the former. The best simulation of the X-band data yielded the following effective magnetic coupling parameters: A iso ) +2. 
The K a -band three-pulse ESEEM spectrum of TT MnCat (Figure 4 , right middle, and Figures S7 and S8) has considerably less modulation depth than is present in the corresponding data for LP MnCat. The NQ region of the frequency spectrum ( Figure  4 , right bottom) is much less resolved, adding considerable uncertainty to our simulations. Nonetheless, the best simulation is achieved using
2 Qq/h ) 2.25 MHz, and η ) 0.65 with Euler angles R ) 80°, ) 80°, γ ) 40°. The reduction of A iso relative to that for LP MnCat puts the TT MnCat N2 spin system farther from the cancellation condition at this field (A cancellation ) 6.74 MHz at 1095 mT). This has the effect of broadening the peaks that correspond to nuclear spin transitions within the Β-electron spin manifold (nominally N2ν 0 , ν -, and ν + ). Although we are confident in our derived value for A iso of N2, because this largely controls the position of the N2ν dq,A peak seen clearly at 12.7 MHz, we will refrain from any in-depth analysis of the other magnetic parameters for this nucleus.
In the X-band HYSCORE spectrum of TT MnCat ( Figure 5 , right), long, low-intensity correlation ridges are again apparent parallel to the diagonal in the (-, +) quadrant. These ridges centered at (-3.7, +7. Table 1 . The spectrum is the sum of data collected using τ ) 108 and 136 ns.
Discussion
The Mn centers found in the active sites of arginase, 42 MnCat, 7, 8 and PSII are predominantly coordinated by oxygen atoms, in the form of either solvent-derived ligands or carboxylate moieties from active-site amino acid residues. Nitrogenous ligands are also employed, although much more sparingly. Each Mn ion in arginase and catalase is coordinated by the imidazole side chain of a histidine, and results from X-ray diffraction and pulse EPR studies have shown that a single histidine is bound to one of the four Mn ions that compose the oxygen evolving complex (OEC) found in PSII. 11, [43] [44] [45] To better understand the role played by histidine in controlling the corresponding chemistries of these enzymes, we must first generate quantitative bonding descriptions of the Mn-N unit. Analysis of 14 N HFI and NQI parameters derived from magnetic resonance experiments provide a direct route to such descriptions.
Owing to the rules of vector addition for angular momenta, the measured ligand hyperfine interaction of a magnetic nucleus with the net unpaired electron spin of an exchange-coupled metal cluster must be scaled by the appropriate projection factor before being analyzed for geometric and electronic structure information (see Experimental Methods section). This type of analysis has been employed in the exploration of histidine coordination to the dinuclear Fe active sites of Rieske [2Fe-2S] clusters, the hydroxylase domain of methane monooxygenase (MMOH), [46] [47] [48] and hemerythrin (Hr). 49 From these studies, approximate "intrinsic" hyperfine coupling parameters can be computed for the interaction of an imidazole nitrogen with a fictitious, isolated Fe(II) or Fe(III) ion (see Table S1 ). In the context of [2Fe-2S] clusters, the intrinsic a iso of the coordinating 14 N atom is diagnostic of the of covalency of the bond to Fe(II); 50,51 a aniso can reveal the protonation state of the distal, noncoordinating nitrogen of the imidazole ring, 52 and the NQI parameters report on the orientation of the imidazole ring with respect to the FeS core. 53 Equally, the 14 N HFI measured in oxido-bridged Fe dimers is interpreted in terms of covalency; however, in these cases, the protonation state of the oxido bridge trans to the nitrogen ligand also influences the magnitude of hyperfine coupling. 54 Unfortunately, the number of analogous studies targeting Mn-His interactions in exchange-coupled Mn clusters is comparatively limited. To begin to remedy this, we have performed pulse EPR studies at both X-and K a -band microwave frequencies on the superoxidized Mn(III)Mn(IV) state of dimanganese catalase from both L. plantarum and T. thermophilus. In the limit of strong exchange coupling, the projection factors are simply c Mn(III) ) +2 and c Mn(IV) ) -1. We can then compute general, intrinsic HFI for imidazole 14 N atoms coupled to highvalence, high-spin Mn ions. Such intrinsic values can be used to determine the likely oxidation state of a Mn ion coordinated to a histidine when the isotropic contribution to the hyperfine interaction is known.
Structure of Superoxidized MnCat. The present and past advanced EPR studies performed at X-band microwave frequencies have measured nuclear transition frequencies for one of two active site histidines coordinated to the S T ) 1/2 Mn cluster in superoxidized LP MnCat. For the first time, we have found conclusive spectroscopic evidence of the second histidine residue that is known from crystallographic studies to be coupled to the Mn active site. The ESEEM spectral features arising from both coordinating histidine nitrogens are well-simulated at both X-and K a -band excitation frequencies (magnetic parameters are given in Table 1 ). Notably, the NQI parameters for N2 are similar to those for N1. Barring significant geometric rearrangements, these NQI are expected to be roughly equivalent because in both cases, the imino nitrogen of a histidine is coordinated in an equatorial position of a pseudo-octahedral Mn ion. However, although the metal-based orbital participating in the Mn-N σ-antibonding interaction (3d x 2 -y 2 ) is formally unoccupied in both sites, electronic effects could alter Mn-N bond covalency. The additional electron on the Mn(III) ion is formally placed in the 3d z 2 -based orbital, which, in low symmetry, could have some interactions with equatorial ligands through the doughnut-shaped charge in the x-y plane. Simultaneously, the familiar nephelauxetic effect of metal-centered oxidation should decrease the Racah B parameter and, thus, strengthen bonding. Indeed, some changes are observed between the two Mn-N bonding interactions as, for LP MnCat, the N2 e
2 Qq/h parameter is reduced by 9% compared to that for N1, indicating increased charge donation of approximately 0.4% electrons from the N2-centered lone pair a Designations "ax" and "eq" refer to nitrogen coordination to a pseudo-octahedral metal ion in the axial and equatorial positions, respectively. For example, the designation "Mn(III)ax" refers to a nitrogen ligand bound along the local z-axis of a Mn(III) ion.
j DTNE ) 1,2-bis(1,4,7-triazacyclonon-1-yl)ethane). These HFI were computed using the B3LYP hybrid density functional.
to the Mn ion. This modest increased covalency of the Mn-N2 bond relative to the Mn-N1 bond is also reflected in the analysis of the Fermi contact contribution to the hyperfine tensor given the Mn oxidation state assignments described below.
That A iso for N2 is approximately twice that for N1 is traditionally understood in terms of the projection factors described above 47 and indicates that N2 is bound to the Mn(III) ion, whereas N1 is coordinated to Mn(IV). The fractional occupation of the s orbitals (f s ) on each nitrogen due to Fermi contact can be computed using the usual formula (we assume this contribution is exclusively due to N 2s orbital, i.e., valence, occupation) 32 where S is the local spin on the coordinating Mn ion and the HFI of one electron spin in a 14 N 2s orbital, a 2s 0 ) +1811 MHz. 55 The measured site-specific a iso values for N1 and N2 Table 1 . The spectrum is the sum of data collected using τ ) 92, 116, and 200 ns.
in LP MnCat correspond to 0.44 and 0.64% unpaired spin in the ligand 2s orbital, respectively. For TT MnCat, we similarly compute f s (N1) ) 0.38% and f s (N2) ) 0.57%. These values are noticeably smaller than the 1.4-2.0% range found for histidines coordinated to the high-spin tetrahedral Fe(II) site in Rieske-type [2Fe-2S] clusters, 56 in which the Fe-N bonds are at least partially coincident with lobes of the halfoccupied Fe(II) t 2g orbitals. 51, 57, 58 It is possible that the effective HFI observed in our ESEEM studies could be assigned oppositely; namely, that N2 is coordinated to the Mn(IV) ion and N1 is bound to the Mn(III) ion. Projecting out the intrinsic HFI using these assignments and eq 4 and the sets of magnetic parameters derived from our multifrequency LP MnCat spectra yields a iso (N2) ) +5.75 MHz (f s ) 0.95%) and a iso (N1) ) -1.33 MHz (f s ) 0.30%). If N2 were bound to the Mn(IV) ion, the large spin population computed above could be achieved through either (i) direct overlap of the nitrogen nucleus with a lobe of a half-occupied t 2g orbital, (ii) a significant (>3-fold) increase in the covalency (assuming a linear correlation between unpaired spin in the N 2s orbital and covalency) of the bond, or both.
We disfavor this first case because it implies that N2 is strongly interacting with an unpaired electron on the Mn(IV) center on par with, for example, the strong interaction observed when nitrogen is coordinated in the axial position to a Mn(III) ion with a (t 2g ) 3 (3d z 2 ) 1 electron configuration (vide infra). This would require a significant departure from an idealized octahedral ligand field that already has the maximum possible ligand field stabilization energy -12 Dq (ligand-field splitting-energy parameter). Evidence for case ii, an increase in M-N covalency due to metal-center oxidation, has been previously observed in an ENDOR study of the two histidine residues that interact with the dinuclear iron core of MMOH. 47 The computed values for f s indicated a nearly 2-fold increase in N 2s unpaired spin population for the Fe(III)-N unit, as compared with that found for the Fe(II)-N interaction. However, it is unclear what portion of this difference in f s is due to the change in oxidation state because there is also variance in the angle the imidazole plane forms with respect to the remaining equatorial Fe ligands. 59 Furthermore, in the case of MnCat, the choice of projection factors could be a source of additional error. We, as others have, assume that since the exchange interaction between the two metal sites is much larger than the zero-field splitting interaction that the zero-order ground-state spin doublet is pure. 26, 60 However, this assumption may not be valid if there is significant delocalization of the net unpaired spin over both metal centers. In such a case, the site-specific spin expectation value (see eq 3) for each site would reduce for the nominally Mn(III) site and increase for the Mn(IV) site. Indeed, such delocalization is suggested to explain shifts in the Mn L-edge X-ray absorption spectrum of superoxidized LP MnCat as compared to Mn(II-I)Mn(IV) oxido-bridged model compounds. 61 Other possible explanations for the breaking of the nephelauxetic trend could be geometric differences between the two sites, leading to increased covalency or more efficient exchange polarization or changes in the hydrogen bonding to the distal nitrogen of the imidazole ring. 62 Importantly, we view the experimentally measured f s ) 1.33% for the axial N-Mn(III) interaction in BISPICEN 63 as a maximum and think it unlikely that a nitrogen atom bound to Mn(IV) would have unpaired spin in its 2s orbital approaching this value.
Ultimately, we can look to broken-symmetry density functional theory (BS DFT) calculations of magnetic parameters of superoxidized MnCat models to guide our analysis. Sinnecker Table 1 ), the authors calculated the effective A iso of the two coordinating nitrogen nuclei to be +1.98 MHz (f s ) 0.33%) and -3.27 MHz (f s ) 0.36%) for the nitrogen bound to the Mn(IV) and Mn(III) ions, respectively. The predicted NQI parameters for the nitrogens were also very similar to each other with e 2 Qq/h and η equal to -2.40 MHz and 0.71 (for N bound to Mn(IV)) and -2.44 MHz and 0.70 (for N bound to Mn(III)). This indicates that there are essentially no changes in the populations of the nitrogen 2p orbitals, despite the fact that one would expect the Mn(IV) ion to be more oxidizing of the nitrogen lone pair, leading to a significant reduction of e 2 Qq/h. More recent computations by Schnizel and Kaupp explored the density functional dependence of these magnetic parameters. 64 Using B3LYP, their preferred functional, they predicted an effective A iso of +2.7 MHz (f s ) 0.45%) and -4.7 MHz (f s ) 0.52%) for the nitrogen bound to the Mn(IV) and Mn(III) ions, respectively. We note that in both computational studies, 14 N HFC parameters are predicted that are nearly identical to our spectroscopically determined values. Using these values and eq 4 to compute f s leads to very similar unpaired spin densities on both nitrogen ligands, again consistent with our experimental findings. Thus, in the absence of a more complete spectrostructural study on the correlation between nitrogen ligand HFI and bonding geometry in similar systems, we choose to continue our analysis using the assignments that N1 is bound to the Mn(IV) ion and N2 is bound to the Mn(III) ion.
The effective dipolar contributions to the HFI for each coordinating histidine nitrogen are computed using the pointdipole approximation for dinuclear exchange-coupled systems.
Mn-N internuclear distances (r ≈ 2.05-2.12 Å) and Mn-Mn-N bond angles were taken from a combination of EXAFS results and the highest resolution X-ray crystallographic data available for each MnCat. 7, 8, 14 For LP MnCat, the two effective dipolar matrices are A dip ) [+0.458, +0.578, -1.036] MHz and A dip ) [-1.146, -1.091, +2.237] MHz for the 14 N atom bound to the Mn(IV) and Mn(III) ion, respectively. We note that these contributions are very nearly axial, indicating that the dipolar interaction with the bonding partner Mn ion is dominant. The total anisotropic HFI determined from our spectral fits is considerably more rhombic and therefore must be due to an asymmetric distribution of unpaired spin among the 14 N 2p orbitals. This finding is supported by our measurement of a rhombic electric field gradient (η * 0) at each nitrogen nucleus ( Table 1) .
The very short internuclear Mn(III) · · · Mn(IV) distance (2.70 Å) determined by EXAFS is interpreted as precluding protonation of the oxido bridges. 3 However, the X-ray structure of LP MnCat in the resting Mn(III)Mn(III) (r ) 3.03 Å) form suggests that the oxido bridge trans to the histidine ligands is protonated in this oxidation state. 7 Studies of model systems have shown that the presence of the bridging glutamate or carboxylate bends the Mn 2 O 2 core, activating the oxido groups for protonation and exchange with solvent. [66] [67] [68] The histidines in MnCat could be further contributing to this activation, labilizing the solvent bridge to accommodate the substrate hydrogen peroxide during the reduction step of the disproportionation. 7, 69, 70 More evidence for the communication between the trans oxido bridge and the active site histidines is afforded by X-band ESEEM results on reductively methylated TT MnCat. 13 This study showed that methylation induces significant changes in the spectral features for what we have now assigned to the nitrogen bound to the Mn(IV) ion (N1). We suggest that it is the lysine residue (Lys162) located in the second coordination sphere (Figure 1, right) that is reductively methylated, leading to the previously observed dramatic changes in the ESEEM spectrum. The X-ray crystal structure data also indicate that Lys162 is able to hydrogen bond directly with Glu36 that is bound to Mn1. Glu36 is postulated to be critical in proton transfer from bound hydrogen peroxide. 8 Further, Lys162 appears to be hydrogen bonded through a water molecule to the µ-oxido bridge that is trans to the Mn-coordinating histidines. The loss of these interactions upon methylation of Lys162 would certainly disrupt the active site, potentially leading to a change in the coordination geometry of Mn1, protonation of the oxido bridge, and the observed larger value for A iso for at least one of the nitrogenous ligands.
On a final note, the X-ray structure of Mn(III)Mn(III) LP MnCat with the competitive inhibitor azide bound to one of the Mn(III) ions reveals that the dimanganese oxido bridged core flattens somewhat, lengthening the intermetal distance from 3.03 to 3.19 Å. 7 This is consistent with the conclusions drawn in a pulse EPR study of azide-bound superoxidized LP MnCat, 14 which suggested that the observed increase in 14 N HFI for N1 (see Table 1 ) (and decrease in 55 Mn HFI evident from the CW EPR spectrum) was attributable to an increase in the magnitude of the exchange interaction as the pseudo-octahedral Mn centers assumed a more coplanar geometry. Surprisingly, the authors did not see any X-band ESEEM features that could be assigned to the azide nitrogens.
Assuming azide binds in the superoxidized state in a fashion similar to what was observed in the crystal structure of the Mn(III)Mn(III) state, we suggest that azide may be coordinating to the Mn(III) ion in the former. On the basis of our multifrequency ESEEM results as well as those from ENDOR studies of superoxidized MnCat and other Mn(III)Mn(IV) complexes, we would not expect to observe significant ESEEM modulations from the coordinating terminal nitrogen of azide (N A ) if the anion was bound in the axial position of the Mn(III) ion. In such a case, the hyperfine interaction would be far greater than the nuclear Zeeman term, precluding efficient nuclear state mixing that is needed for ESEEM. This would suggest that the Mn(III) ion that azide is seen to bind in the crystal structure (Mn1, Figure 1 , left) remains in the +3 oxidation state upon preparation of the superoxidized form of LP MnCat. Accordingly, this would implicate His69 in LP MnCat and His73 in TT MnCat as being responsible for the ESEEM signals we observe at K a -band (Figures 2 and 4 , right) whereas His181 in LP MnCat and His188 in TT MnCat must be giving rise to the X-band signals ( Figure 2 and 4, left) . That the other, presumably more weakly hyperfine-coupled, azide nitrogens (N B and N C ) are also not detected via ESEEM spectroscopy could result from the geometric disorder of this ligand relative to the Mn cluster evinced by the relatively large Debye-Waller factors for the azide atoms in the X-ray structure (PDB accession code 1JKV).
Intrinsic HFI for 14 N Atoms Bound to High-Valence Manganese Complexes. The central result of this study is that the magnitude of the intrinsic HFI of an 14 N nucleus from histidine bound in the equatorial position to an octahedrally coordinated Mn(III) or Mn(IV) ion is 2.2-2.9 MHz. The NQI parameters for these nitrogens analyzed using the Townes-Dailey formalism are completely consistent with the range of values for transition metal-bound imidazoles determined by Brown and co-workers. 34 Computational results indicate that these magnetic parameters will be sensitive to the protonation state of the bridging oxido that is trans to the nitrogen; however, to the best of our knowledge, no such experimental study of 14 N HFI or NQI has been undertaken. 28 A class of Mn-N coordination that is not present in MnCat is an N-donor binding in the axial position. Such interactions are found in some Mn(III)Mn(IV) model complexes and are characterized by very large HFI, A eff ≈ 9.2-12.1 MHz, observed only via CW and pulse ENDOR experiments (see Table 1 ). 63, 71 DFT results confirm that such strong couplings arise from the interaction of the 14 N nucleus with the unpaired electron in the 3d z 2 orbital of the Mn(III) ion. 72 Scaled by the projection factor, one computes an intrinsic a iso of 4.6-6.1 MHz for these nitrogens (much larger than the 2.3-2.9 MHz range for equatorial nitrogens ligands (see above)) due to the increase in the magnitude of the Fermi contact term with a corresponding f s (N ax ) ) 1.0-1.3%.
No experimental study has conclusively determined what the intrinsic HFI might be for nitrogen bound in the axial position to a Mn(IV). However, Sinnecker et al. compute values of A iso for such an axial interaction that are approximately equal to those calculated for the Mn(IV)-N interaction of equatorially liganding amides in the azanide
(see DTNE entry in Table 1 ). 72 We now have in hand experimentally verified classes of intrinsic HFI for 14 N nuclei coordinated to exchange-coupled Mn dimers. The intrinsic hyperfine interactions of N-donor ligands in the equatorial plane of either an Mn(III) or Mn(IV) ion or bound in the axial position to a Mn(IV) ion are all approximately equal and centered at a value of 2.5 MHz. Under the condition of a pseudo-octahedral ligand field, only a nitrogen whose bond to Mn is coincident with a half-occupied metal centered orbital (e.g., axial ligand to a Mn(III) ion with one electron in the 3d z 2 orbital) should fall outside this range. Relevance to PSII. The K a -band ESEEM spectra above illustrate the utility of midrange microwave frequency spectrometers (30) (31) (32) (33) (34) (35) for the quantitative determination of HFI and NQI parameters for 14 N atoms that are strongly coupled to Mn ions (as well as to Fe ions). Such parameter determination has proven to be elusive in studies at the more common X-band frequency (although, the X-band HYSCORE results presented in Figures 3 and 5 suggest that, at a minimum, A iso for strongly coupled 14 N atoms can be estimated from the coordinates of the dq-dq cross peak). Going to these higher frequencies has already been shown to be of great use in identifying proteinaceous ligands to the OEC in PSII poised in the S 2 state.
In the S 2 state, the Mn cluster is known to formally consist of three Mn(IV) ions and one Mn(III) ion. 73 From analysis of the ESEEM spectrum of PSII in the S 2 state, the following 14 N magnetic parameters were determined: A iso ) 7.3 MHz, A aniso ) [+0.70, +0.70, -1.40] MHz, e 2 Qq/h ) 1.98 MHz, η ) 0.84. 45 Just as was the case with MnCat, the NQI parameters are consistent with metal ion ligation by an imidazole nitrogen from histidine. Recent X-band EPR studies of the H332E mutant of PSII from Synechocystis sp. PCC 6803 strongly suggest that His332 is the ligand to the Mn cluster. 74, 75 Although certainly this coordination mode was suggested by recent X-ray crystallographic results of PSII, 43, 44 these structures are known to suffer from significant radiation damage, leading to complete reduction of the metal centers and some alteration of the Mn-L geometries. 76, 77 Thus, we must rely on nondestructive techniques, such as EPR spectroscopy to definitively determine the native geometric structure of the OEC.
Using the intrinsic isotropic HFI for 14 N atoms liganded to exchange-coupled Mn clusters determined from our MnCat studies above, we can assess the likely oxidation state for the bonding partner of His332 in the S 2 state of PSII. The isotropic component of projection factors for the Mn cluster of methanoltreated PSII have been estimated on the basis of 55 Mn ENDOR results. 78 These values depend on the pairwise exchange coupling scheme and oxidation state assignment of each ion within the tetranuclear Mn models explored. For our preferred model in which the lone Mn(III) ion is part of a trimeric cluster that is weakly exchange-coupled to a fourth Mn ion, c Mn(III) ) 1.77 and c Mn(IV) ranges from 1.00 to 1.27. Thus, the intrinsic a iso HFI for the 14 N nucleus of His332 with the OEC could range from 5.8 to 7.3 MHz if the coordinating ion is Mn(IV) or 4.1 MHz if the nitrogen is instead bound to the Mn(III) ion. These results clearly suggest that His332 is coordinated to the Mn(III) ion in the OEC. The computed intrinsic values for a His-Mn(IV) interaction are unrealistic because the largest sitespecific a iso for an sp 2 hybridized (i.e., histidine-like) nitrogen atom measured to date is 6.05 MHz for the pyridyl nitrogen atom axially coordinated to the Mn(III) ion in BISPICEN (see Table 1 ). 63 That the 14 N HFI found in studies of the OEC is so much larger than those measured for the equatorially liganded histidines in MnCat suggests that His332 is bound along an axis that contains a lobe of a half-occupied metal-centered orbital. If the Mn(III) site were octahedral in symmetry, the interacting orbital could be either 3d z 2 or 3d x 2 -y 2 , depending on the nature of the Jahn-Teller distortion. However, if the Mn(III) is fivecoordinate, trigonal bipyramidal, as has been suggested, 78 then the nitrogen of His332 could be interacting with one of the halfoccupied orbitals of the t 2g set.
